Background aims-Hematopoietic stem cell transplant (HSCT) is the treatment of choice for a proportion of patients with hematologic malignancies as well as for non-malignant diseases. However, viral infections, particularly Epstein-Barr virus (EBV), cytomegalovirus (CMV) and adenovirus (Ad), remain problematic after transplant despite the use of antiviral drugs. We have shown that cytotoxic T lymphocytes (CTL) generated against CMV-pp65, EBV and Ad antigens in a single culture are capable of controlling infections with all three viruses after HSCT. Although pp65-specific CTL have proved efficacious for the control of CMV infection, several reports highlight the importance of targeting additional CMV antigens.
Introduction
Hematopoietic stem cell transplantation (HSCT) has improved survival for many individuals with hematologic malignancies. Unfortunately, the immune suppression necessary to prevent graft-versus-host disease in those without HLA-matched related donors leaves patients susceptible to viral infections, most notably Epstein-Barr virus (EBV), cytomegalovirus (CMV) and adenovirus (Ad) (1) (2) (3) . Although antiviral drugs can be effective for CMV, they are associated with the development of drug-resistance and significant toxicity (4, 5) , and no antiviral drug can control EBV-associated lymphoproliferative disorder because it is associated with the latent phase of the virus, with the exception of rituximab (6) . Cidofovir is the standard treatment for Ad, but must be given intravenously, is associated with significant toxicity, and does not confer long-term protection (7) .
The adoptive transfer of cytotoxic T lymphocytes (CTL) as treatment or prophylaxis of viral infection after transplantation has shown clinical efficacy without significant toxicity (8) (9) (10) . To avoid the use of live viruses, some groups have used CMV-specific CTL targeting the immunodominant 65-KDa tegument phosphoprotein pp65 (11) (12) (13) . While these trials were successful, it has been suggested that pp65-specific CTL may not always be protective in vivo (14) . This may be because of strain differences or mutations that alter important CTL epitopes within pp65, or it may reflect differences in antigens presented during different phases of the CMV life cycle. The tegument protein, pp65, is carried into the newly infected cell as a part of the virion, then processed and presented shortly after viral infection without a requirement for viral gene expression and before the expression of viral proteins that inhibit the immune response (15) . Thus pp65-specific T cells may eliminate newly infected cells before they can replicate infectious virus and therefore limit virus spread. However, pp65-specific T cells cannot target cells that reactivate virus from latency when the first protein to be presented is the immediate early protein (IE) (12) . In contrast, CMV IEspecific T cells may not be able to control newly infected cells because their own presentation to the immune response is curtailed by virion proteins (16) . Therefore complete control of CMV may require the presence of both IE-and pp65-specific T cells (17) . Interestingly, IE-1-but not pp65-specific T cells were associated with protection against CMV disease in a solid organ transplant setting (14) .
In healthy CMV-seropositive individuals, IE-1-specific T cells are more abundant than pp65-specific T cells (18) . Moreover, after vaccination with the CMV Towne strain, responses to IE-1 are stronger and more sustained than responses to pp65, indicating that IE-1 T cells contribute to CMV-specific immunity (19) .
We have shown that EBV-, Ad-and CMV-pp65-specific CTL (multivirus CTL) can be expanded for clinical use from a single culture and exhibit antiviral activity in vivo (8, 20, 21) . While all patients have been protected against EBV and Ad, three patients developed CMV reactivation after CTL infusion, suggesting that targeting only pp65 may be suboptimal (unpublished data). Thus, we sought to develop a good manufacturing practice (GMP)-compliant strategy whereby we could generate T cells against two CMV antigens without sacrificing the breadth of specificity to EBV and Ad.
Methods

Generation of recombinant Ad
Recombinant Ad5f35-IE-1-I-pp65 was generated as described elsewhere (22) . A codonoptimized IE-1 fused to an internal ribosomal entry site (IRES) with NheI and SanDI restriction sites was synthesized by Blue Heron Biotechnology (Blue Heron Biotechnology, Bothell, WA, USA) and inserted inframe into pShuttle-pp65. IE-1 and pp65 protein expression was confirmed by fluorescence-activated cell sorter (FACS) analysis of pShuttle-IE-1-I-pp65-transfected HEK 293T cells. From pShuttle-IE-1-I-pp65 the expression cassette, containing the CMV promoter, IE-1-I-pp65 and the BGH poly A, was cloned into the E1/E3-deleted adenoviral backbone vector pAd5F35 using pI-SceI and I-CeuI sites. The resultant plasmid was sequenced to confirm IE-1-I-pp65 (SEQwright, Houston, TX, USA). A recombinant Ad was generated as described in the literature at the Gene Vector Laboratory, Baylor College of Medicine (Houston, TX, USA). A plaque positive for IE-1-Ipp65, as judged by polymerase chain reaction (PCR), was expanded, purified and titered by standard procedures.
Generation of multivirus-specific CTL cultures
Virus-specific CTL were generated from healthy human donors who had consented to a protocol approved by the Institutional Review Board of the Baylor College of Medicine. The donors were typed by the HLA laboratory of The Methodist Hospital, (Houston, TX, USA) and were selected based on the heterogeneity of their HLA types (Table I) .
Generation and transduction of EBV-transformed B-cell lines from peripheral blood mononuclear cells
As the source of EBV antigens, 5 × 10 6 peripheral blood mononuclear cells (PBMC) were infected with concentrated supernatants from a B95-8 working cell bank, as described previously (23) , and used for the establishment of an EBV-transformed lymphoblastoid cell line (LCL). Two days before CTL stimulation, LCL were transduced with Ad5f35-IE-1-Ipp65 at a multiplicity of infection (MOI) of 2500 virus particles (v.p.) for 90 min at 37°C. The cells were then resuspended at 5 × 10 5 cells/mL of complete media [RPMI (Hyclone, Rockford, IL, USA) plus fetal bovine serum (FBS) and GlutaMAX] and transferred to a 24-well plate at 2 mL/well and cultured for 2 days before use as stimulator cells.
Generation of multivirus-specific cultures derived from PBMC
PBMC were isolated and resuspended at 1 × 10 6 cells/mL in a 24-well plate in X-vivo15 serum-free media (Lonza Bioscience, Basel, Switzerland) with 2 m M L-glutamine (GlutaMAX; Invitrogen, Carlsbad, CA, USA) overnight to activate monocytes (24) . The next day the adherent and non-adherent cells were harvested, transduced using the Ad5f35-IE-1-I-pp65 vector at an MOI of 2500 v.p., and incubated for 1 h at 37°C. After incubation the cells were washed and resuspended at 2 × 10 6 cells/well in a 24-well plate in CTL media [45% RPMI (Hyclone), 45% Clicks (Irvine Scientific, Santa Ana, CA, USA) plus 10% human serum and GlutaMAX]. Ten days later, T cells were stimulated with autologous LCL transduced with the same Ad5f35-IE-1-I-pp65 vector. T cells were also fed twice weekly with 50-100 U/mL IL-2 starting on day 11 and continuing to day 13.
Enzyme-linked immunospot assay
Enzyme-linked immunospot (ELISPOT) analysis was used to determine the frequency and function of T cells in the CTL lines secreting interferon (IFN)-γ when stimulated with pepmixes™ (JPT Peptide Technologies, Berlin, Germany) for CMV-pp65, Ad-hexon, Adpenton CMV-IE-1 and EBV (BZLF-1, EBNA3a,b,c and LMP1,2), as described previously (8) . Spot-forming cells (SFC) were enumerated by Zellnet Consulting (New York, NY, USA) and compared with input cell numbers to obtain the frequency of virus-reactive T cells.
Immunophenotyping, multimer analysis and intracellular cytokine staining
CTL lines were analyzed with monoclonal antibodies to CD3, CD4, CD8, CD56, CD16, CD45RA and CD62L (Becton Dickinson, Franklin Lakes, NJ, USA) To detect CMV-pp65-and CMV-IE-1-specific T cells in the CTL lines, we used the soluble CMV-pp65 pentamers HLA-A*0201-NLVPMVATV, HLA-A*24-QYDPVAALF, HLA-B7-TPRVTGG-GAM, HLA-A*01-YSEHPTFTSQY, CMV-IE-1 HLA-B*08-QIKVRVDMV, HLA-A*02-VLEETS-VML and HLA-A*02-VLAELVKQI, prepared by Proimmune Inc. (Springfield, VA, USA) as described previously. Cells were stained with the pentamer at 4°C in the dark for 20 min, washed, and then stained with a phycoerythrin (PE)-or Allophycocyanin (APC)-labeled streptavidin fluorophore. To define the CD4-and CD8-restricted CMV-and Adspecific activity, we employed intracellular cytokine staining. Briefly, we pulsed T cells with CMV or Ad pepmixes overnight in the presence of anti-CD49d and anti-CD28 antibodies (Becton Dickinson) for co-stimulation and Brefeldin A (Becton Dickinson) to retain the cytokine within the cell. The next day, cells were fixed with 4% paraformaldehyde (Becton Dickinson), permeabilized with 1% Saponin (Sigma, St Louis, MO, USA), and stained for IFN-γ and surface markers (Becton Dickinson). Samples were acquired on a FACScan flow cytometer (Becton Dickinson) and the data analyzed using CellQuest software (Becton Dickinson). To verify the expression of IE-1 and pp65 after vector transduction by intracellular staining, 293T cells and LCL were transduced with the Ad5f35-IE-1-I-pp65 vector. The next day they were fixed and permeabilized as described above. A mouse monoclonal antibody to CMV-pp65 (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and mouse monoclonal antibody to CMV-IE-1 (clone CH160; Abcam, Cambridge, MA, USA) were used for primary staining, and goat antimouse PE (GAM-PE; Becton Dickinson) was used for secondary staining. Isotype controls were 293T cells incubated with GAM-PE alone.
Peptide pools to evaluate the breadth of the virus-specific response
Panels of 20-mer peptides (overlapping by 15 amino acids) covering the entire amino acid sequence of CMV-pp65 and CMV-IE-1 from the AD169 strain and Ad hexon from serotype 5 were synthesized (Proimmune, Oxford, UK) (25) . For CMV-pp65, 22 peptide pools comprising 2-12 20-mer peptides were prepared, so that each 20-mer peptide was represented in two pools (26) . For CMV-IE-1, 20 peptide pools composed of either 8 or 12 20-mer peptides were prepared similar to CMV-pp65. For Ad-hexon, 11 peptide pools contained 17 or 18 peptides, so that each 20-mer peptide was represented in one pool, as described previously (26) . These CMV-pp65, CMV-IE-1 and Ad-hexon peptide libraries were designed to identify HLA class I-and class II-restricted epitopes (27) .
Cytotoxicity assay
CTL were tested for specific cytotoxicity against autologous LCL (22) and autologous LCL pulsed with CMV-IE-1, CMV-pp65, Ad-hexon and Ad-penton pepmixes. 51 Cr-labeled target cells were mixed with effector cells at doubling dilutions to produce the effector:target (E:T) ratios specified. Target cells incubated in complete medium or 5% Triton X-100 (Sigma) were used to determine spontaneous and maximal 51 Cr release, respectively. After 4 h, supernatants were collected and radioactivity was measured on a gamma counter. The mean percentage of specific lysis of triplicate wells was calculated as 100 × (experimental release -spontaneous release)/(maximal release -spontaneous release). The ability of effector cells to lyse CMV-infected targets was assessed by using HLA-A*0201 + fibroblasts infected with the AD169 laboratory strain of CMV.
Statistical analysis
The Student's t-test was used to test for the difference between groups, assuming equal variance. Mean values ± SD are given unless otherwise stated.
Results
Ex vivo-generated multivirus-specific T cells expand to clinically relevant numbers and are CD4 + and CD8 + with an effector memory phenotype As shown in Figure 1a ,b, both IE-1 and pp65 proteins were expressed from the Ad5f35-IE-1-I-pp65 vector after transfection with the pShut-tle-IE-1-I-pp65 plasmid (Figure 1a) and transduction with Ad5f35-IE-1-I-pp65 vector, as evaluated by intracellular staining and Western blot analysis (Figure 1b 
Multivirus-specific CTL recognize multiple antigens within CMV, EBV and Ad
To determine the specificity and function of the expanded T cells, we measured IFN-γ release in response to antigenic stimulation in ELISPOT assays, intracellular cytokine staining, epitope specificity by ELISPOT and pentamer staining, and cytotoxic function in chromium release assays. T cells generated with the Ad5f35-IE-1-I-pp65 vector secreted IFN-γ in response to the CMV antigens pp65 (median 273 SFC, range 47-995) and IE-1 (median 154 SFC, range 11-505), as well as to the Ad antigens hexon (median 153 SFC, range 26-465) and penton (median 37 SFC, range 1-353) and to EBV LCL (median 55 SFC, range 9-301) ( Figure 2a and Table II ). Responses to all four antigens tested and to the EBV-LCL were significantly above negative controls (median 7 SFC, range 0-48; P < 0.00001). Taken together, these data suggested that we were able to generate reliably T-cell responses specific for CMV-pp65, IE-1, Ad hexon and penton, and EBV antigens expressed by LCL. More importantly, the donors tested responded to at least two antigens from each virus when tested by IFN-γ ELISPOT or intracellular IFN-γ staining (Figure 2a -c) .
Given the importance of both CD4 + and CD8 + T cells in controlling viral infection, we wanted to analyze the subset of T cells (CD4 + or CD8 + ) secreting cytokines after stimulation with viral antigens. We showed that the responding T cells specific for the CMV antigens IE-1 and pp65 were predominantly CD8 + with a small CD4 + T-cell response (Figure 2b ). In contrast, the adenoviral antigens hexon and penton elicited a predominantly CD4 + T-cell response, as measured by IFN-γ. This corroborated previous reports that show mainly CD8 + T-cell responses against pp65 and IE-1 antigens and CD4 + T-cell responses against hexon and penton (8).
Multivirus-specific CTL retain a broad epitope specificity
To determine the breadth of the multivirus-specific T-cell response generated using our novel Ad5f35-IE-1-I-pp65 vector, we used overlapping peptide pools as described previously (26) (27) (28) . Using IE-1, pp65 and hexon peptide pools, we mapped the epitope responses from multivirus-specific T cells from nine healthy donors. All s multiple peptides from both IE-1 and pp65, including known HLA-restricted immunodominant peptides, as well as peptides and peptide pools representing previously undescribed peptides (Figure 3a c and Table I ). Known epitopes restricted by HLA class I alleles A1, A2, A24, B7 and B8 were also analyzed by pentamer staining. Four HLA-A2 + donors recognized the immunodominant HLA-A2-restricted CMV-pp65 epitope NLVPM-VATV, while two of these donors recognized the HLA-A2-restricted CMV-IE-1-restricted epitopes VLEETSVML and VLAELVKQI (Figure 3c and Table I ). As with CMV-IE-1 and CMVpp65, T cells specific for Ad hexon also recognized multiple epitopes (Figure 3a,b and Table  I ).
Multivirus-specific CTL can lyse antigen-pulsed and virus-infected targets
Cytolytic activity was tested against a panel of 51 Cr-labeled autologous target cells. While EBV LCL were lysed by a proportion of CTL lines similar to our previous experience (8) , reflecting EBV specificity, killing was increased if LCL were pulsed with the pepmixes representing CMV-pp65, CMV-IE-1 and Ad-hexon/penton (Figure 4a,b and Table III) . Since antigens and epitopes presented by overlapping peptides may not represent the pattern or frequency of epitopes expressed by cells infected with virus, we infected fibroblasts with CMV AD169 and used them as targets for our CTL (20) . As shown in Figure 4c , the multivirus-specific T cells were capable of lysing CMV-infected targets.
Discussion
We have shown that after 18 days in culture we can generate T cells that target multiple epitopes from at least two antigens of CMV, EBV and Ad, as determined by peptide pool analysis as well as multimer analysis. Notably, the expansion of T cells targeting at least two immunodominant antigens (CMV-pp65 and CMV-IE-1) does not limit the breadth of the response to other less immunogenic antigens. Resulting T cells lyse peptide-pulsed targets for each antigen as well as CMV-AD169-infected fibroblasts.
After hematopoietic stem cell transplant, there is increased risk for viral infection. Anti-viral drugs are available and can be effective, but are costly and associated with unacceptable side-effects (29) (30) (31) . The adoptive transfer of virus-specific T cells, however, has proved safe and effective for many viruses, including CMV, EBV and Ad (8, 13, (32) (33) (34) (35) (36) . Furthermore, virus-specific T-cell infusions have not been associated with appreciable infusion-related toxicity (37) and gene-marked virus-specific T cells have been detected in patients up to 10 years after transplant, indicating that the transferred T cells persist and provide long-term protection against viral infection (38) .
The effective control of virus infection or reactivation in all patients will probably entail not only targeting multiple viruses as we do here, but also multiple epitopes and even multiple viral antigens, to avoid problems with strain variations, mutations and the patterns of virus gene expression and presentation occurring at different phases of the virus life cycle. Unfortunately, when T cells are stimulated with multiple antigens in a single culture, T cells specific for highly immunodominant antigens, such as CMV-pp65, may out-compete T cells specific for other less-immunogenic antigens, such as the adenoviral antigen hexon (21) . We now show that even the introduction of two immunodominant antigens from CMV does not limit the generation of T cells specific for hexon, penton, pp65, IE-1 and EBV. Within only 3 weeks of culture, we could expand these multivirus-specific T cells to clinically relevant numbers within which subpopulations of T cells with specificity against multiple antigens and epitopes derived from all three viruses could be detected. Although the addition of IE-1 does not limit the expansion of T cells specific for other antigens, we have observed in the past that the frequency of EBV-specific T cells in the cultures is lower than for CMV or Ad and too low in some cultures for their cytotoxic function to be detected. This is probably because these CTL lines have received two rounds of stimulation with CMV and Ad but only a single stimulation with EBV. However, after transfer to patients with EBV-associated disease, even when T-cell function can be detected only by more sensitive IFN-γ release assays the T cells are able to proliferate and control EBV infection.
To test the breadth of the epitope responses we used overlapping peptide pool technologies that allowed us to analyze T-cell responses to three different antigens (CMV-IE-1, CMVpp65 and Ad-hexon) and determined that T cells can indeed recognize multiple epitopes (or peptide pools) within each protein. Previously, we have expanded CMV, EBV and Adspecific T cells from naive cord blood T cells, and have shown that these in vitro-primed virus-specific T cells recognize only unconventional (non-immunodominant) epitopes of CMV-pp65. In contrast, the expansion of in vivo-primed virus-specific T cells results in an enrichment of T cells that recognize conventional epitopes of CMV-pp65 and CMV-IE-1.
Although the predominant response in most donors is to known immunodominant epitopes such as the HLA-A2-restricted NLVPMVATV peptide (CMV-pp65 pools 2 and 21), other less-dominant responses are also shown in other pools, confi rming the broad epitope specificity (Figure 3a ,b and Table I ). Moreover, we were able to target multiple antigens from each virus, therefore maximizing the anti-viral T-cell response and minimizing the potential for antigenic escape when used clinically (39) .
Cytolytic function is typically attributed to CD8 + cytotoxic T cells, but we have previously demonstrated the cytolytic function of CD4 + virus-specific T cells (40) , and the importance of CD4 + virus-specific T cells in immune reconstitution and antiviral immunity has recently been highlighted. In a study of renal transplant patients undergoing primary CMV infection, patients with asymptomatic infection had CD4 + T-cell populations that preceded the CD8 + population, whereas patients developing CMV disease had a delayed emergence of CD4 + T cells (41) . Similar results were shown after bone marrow transplant when the adoptive transfer of CD8 + T cells protected patients from CMV disease: their persistence was dependent upon the presence of CD4 + T cells (35, 36, 42, 43) . Therefore, targeting multiple epitopes and multiple viral antigens, as well as using a combination of CD4 + and CD8 + T cells, is likely to increase the efficacy of the CTL in vivo .
Interestingly, the multivirus-specific T cells generated with the Ad5f35-IE-1-I-pp65 vector have an increased proportion of CD4 + T cells compared with T cells stimulated with the Ad5f35-pp65 vector. In our clinical protocols using virus-specific T cells, the variation in the frequency of the CD4 + T-cell population has been similar, ranging from less than 2% to greater than 98% of T cells, with clinical efficacy as a result of both types of lines (8, 38) . As shown in Figure 1d , e and Figure 2b , the CTL that we generate using this novel vector are indeed a heterogeneous population of effector memory (CD45RA + / CD62L − and CD45RA − / CD62L − ) and central memory (CD45RA − /CD62L + ) T cells with both CD4 + and CD8 + T cells responding to each viral antigen tested.
In conclusion, we have developed a novel and reliable strategy for the expansion of multivirus-specific T cells targeting multiple antigens in three viruses including the immunodominant CMV antigens IE-1 and pp65. We have begun to develop a clinical study to test the safety and efficacy of multivirus-specific CTL with an IE-1 and pp65 component. 
